A near isogenic line T65-LH2 bred from IR8 by five times of successive backcrossing with Taichung 65 (T65) as recurrent parent was found to harbor a lateness gene ef4(t). In the present study, we investigated the allelic relationship between ef4(t) and two earliness genes, Efx and Ef1, followed by linkage analysis to reveal the chromosomal location of ef4(t). T65-LH2 was crossed with two testers, T65-ER21 and T65-ER1 harboring the earliness genes, Efx and Ef1, respectively. F 1 plants of the two crosses were raised to obtain F 2 seeds. Moreover, the F 1 plants were backcrossed with T65-LH2 as to obtain the B 1 F 1 seeds. Heading time in F 2 and B 1 F 1 plants as well as parental lines were examined. F 2 and B 1 F 1 plants of the crosses between T65-LH2 and T65-ER21 showed monogenic segregation while F 2 and B 1 F 1 plants obtained from the cross between T65-LH2 and T65-ER1 exhibited digenic segregation. Thus, ef4(t) is allelic to Efx on chromosome 3 and independent of Ef1. Subsequently, linkage analysis of ef4(t) was carried out using three marker genes on chromosome 3, Hg, dl and bc1. T65-LH2 was crossed with the isogenic lines of T65 carrying those marker genes. Heading time and morphological characters in F 2 plants and parental lines were observed. Results showed that ef4(t) was linked to Hg and dl with recombination values estimated at 33.2% and 16.8%, respectively, but segregated independently of bc1.
Introduction
Heading time of rice is an important agronomic trait for the seasonal and regional adaptability of cultivars (Chang et al. 1969, Sato and Hayashi 1985) . Growth period from sowing to heading consists of the vegetative growth phase and reproductive phase. The latter does not differ considerably across cultivars, while the former which is subdivided into the basic vegetative phase (BVP) and photoperiod-sensitive phase (PSP) is controlled largely by the genetic factors and environmental conditions (Chang et al. 1969 , Hosoi 1981 , Sato and Takahashi 1983 .
Many studies showed that advanced heading time, in the tropics, caused the shortening of the vegetative growth of rice which eventually resulted in remarkable grain yield reduction, while delayed heading let the crop to have sufficient vegetative growth to give better grain yield and/or biomass (Kawano and Tanaka 1968 , Akita 1989 , Wada and Sta. Cruz 1989 , Peng et al. 1999 . Therefore, it is very useful to breed rice varieties harboring gene for late heading.
To date, eight genes controlling the BVP duration have been reported. Out of them, two dominant genes, Ef1 on chromosome 10 Oka 1966, Sato et al. 1988) and Efx on chromosome 3 (Sato et al. 1992 , Sumi et al. 1998 were responsible for earliness while other six recessive genes, ef1 (Tsai 1986 (Tsai , 1993 , ef1-h (Nishida et al. 2002) , ef2(t) (Tsai 1985 (Tsai , 1991 , ef3(t) (Tsai 1986 (Tsai , 1991 , ef4(t) (Tsai 1991) and ef5 on chromosome 6 (Khun and Sato 2002) for lateness. The lateness gene ef4(t) originated from the Chinese rice variety Nantsai 33 was found to be distributed in many improved rice varieties in Asia (Khun and Sato 2002) . Recently genetic analyses indicated that ef4(t) was independent of the earliness gene Ef1. The Ef1 locus was known to harbor two lateness alleles, ef1 and ef1-h, indicating that ef4(t) was independent of both alleles. In addition, ef4(t) was found to differ from other three lateness genes, ef2(t), ef3(t) and ef5. However, its allelic relationship with Efx and the chromosomal location remained to be elucidated.
In the present study, we performed allelism test of ef4(t) with Efx and with Ef1. Results of allelism test showed that ef4(t) was allelic to Efx on chromosome 3. Subsequently, linkage analysis using three marker genes on this chromosome, Hg (Hairy glum), dl (drooping leaf) and bc1 (brittle culm-1) was carried out to determine the chromosomal location of ef4(t).
Materials and Methods
A near isogenic line T65-LH2 used in the present study was developed from a rice variety IR8 by five times of successive backcrossing with Taichung 65 (T65) as recurrent parent. Khun and Sato (2002) reported that this newly bred line carried a lateness gene ef4(t) which delayed heading time by about 10 days. 
Allelism test
Two tester lines, T65-ER21 and T65-ER1 with genetic background of T65 were used (Table 1 ). The two testers carried the earliness genes, Efx and Ef1 respectively. T65-LH2 was crossed with both testers and F 1 plants from the two crosses were grown to obtain F 2 seeds. Moreover, the F 1 plants were backcrossed with T65-LH2 to obtain B 1 F 1 seeds. F 2 plants, B 1 F 1 plants, parental lines and T65 were sown on March 4, 2003. Seedlings at about the 4 to 5-leaf age were transplanted on March 24, 2003 in a glasshouse field, one seedling per hill at a 15 × 20 cm spacing. Fertilizers consisting of 1 kg/a each of N, P 2 O 5 and K 2 O were applied at the ratio of 5 : 3 : 2 for the basal, the first topdressing (tillering stage) and second topdressing (flowering time), respectively.
Heading time of the first emerged panicle was recorded. The segregation ratio was determined based on the frequency distribution for heading time and the ranges (of heading time) of parental lines. When frequency distribution for heading time was not clear to classify segregants into particular group the progeny test was conducted. The F 2 and B 1 F 1 plants segregated into the parental and/or recombinant phenotypes. For the parental phenotypes, we called them according to the name of the respective lines, for example, T65-LH2 type and so on. As for the recombinant phenotypes, since such plants distributed within the range of the recurrent variety, T65, we call them as T65 type.
Linkage analysis
Three isogenic lines of T65, T65-Hg, T65-dl and T65-bc1 carryimg marker genes, Hg (Librojo and Khush 1986) , dl (Iwata and Omura 1971) and bc1 (Nagao and Takahashi 1963) , respectively, were used. T65-LH2 was crossed with the respective lines and F 1 plants were grown to obtain F 2 seeds. All F 2 populations, parental lines and T65 were sown on July 20, 2004. Seedlings at about the 4 to 5 leaf age were transplanted on August 7, 2004 in a glasshouse field. In this kind of study, only one seedling per hill was transplanted, spacing between hills and fertilizer application were similar to those described in the above experiment. Moreover, in F 2 of the crosses T65-LH2/T65-dl and T65-LH2/T65-bc1, plants with marker genes, dl and bc1 were transplanted separately from the normal types as to avoid shading and competitive effects since they were generally shorter and weaker.
Heading time of the first emerged panicle and segregation of marker genes were recorded. Since frequency distribution for heading time in each F 2 population was discontinuously bimodal for early and late types, the progeny test was not required. Linkage intensities between ef4(t) and marker genes were estimated by the maximum likelihood method (Fisher 1928) .
Both experiments, e.g. the allelism test and linkage analysis, were conducted at the Faculty of Agriculture, University of the Ryukyus, Okinawa.
Results

Allelism test
Frequency distribution for heading time in F 2 and B 1 F 1 plants of the crosses between T65-LH2 and two testers, T65-ER21 and T65-ER1 is shown in Figure 1 and results of allelism test in Table 2 . When T65-LH2 was crossed T65-ER21 carrying Efx the F 2 plants segregated into T65-ER21 (EfxEfx, Efxef4) type and T65-LH2 (ef4ef4) type ( Fig. 1-A) , the B 1 F 1 plants also segregated into T65-ER21 (Efxef4) type and T65-LH2 (ef4ef4) type ( Fig. 1-B) . F 2 and B 1 F 1 segregations fitted to the 3 : 1 and 1 : 1 ratios, respectively. Consequently, ef4(t) is allelic to Efx. On the other hand, the F 2 plants obtained from the cross between T65-LH2 and T65-ER1 carrying gene Ef1 exhibited a trimodal distribution: T65-ER1 (Ef1-Ef4-) type, T65 (Ef1-ef4ef4, ef1ef1Ef4-) type and T65-LH2 (ef1ef1ef4ef4) type ( Fig. 1-C) . Similarly, the B 1 F 1 plants also showed trimodal distribution: T65-ER1 (Ef1ef1Ef4ef4) type, T65 (Ef1ef1ef4ef4, ef1ef1Ef4ef4) type and T65-LH2 (ef1ef1ef4ef4) type (Fig. 1-D) . F 2 and B 1 F 1 segregations fitted to the 9 : 6 : 1 and 1 : 2 : 1 ratios, respectively. Thus, ef4(t) is independent of Ef1 and the two loci have additive gene action.
Linkage analysis
Linkage relationships between ef4(t) and three marker genes, Hg, dl and bc1 are shown in Table 3 . The recombination value between ef4(t) and Hg was estimated at 33.2% and that between ef4(t) and dl was 16.9%. While the recombination value between ef4(t) and bc1 was higher than 50% (independent). These results suggested that the location of ef4(t), on chromosome 3, was closer to dl than Hg and far apart from bc1. 
Discussion
A lateness gene ef4(t) detected by Tsai (1991) and Khun and Sato (2002) was subjected to further genetic analyses such as allelism test and linkage analysis.
Through allelism test we obtained that ef4(t) was allelic to the earliness genes Efx, a dominant locus on chromosome 3 (Sato et al. 1992 , Sumi et al. 1998 ) and independent of Ef1, an early locus on chromosome 10 Oka 1966, Sato et al. 1988) . Tsai (1991) also pointed out that ef4(t) was different from Ef1. Moreover, results of linkage analysis confirmed the above finding that ef4(t) was located on chromosome 3. Since the lateness genes, ef1 and ef1-h were allelic to Ef1 (Tsai 1993 , Nishida et al. 2002 and ef5 is located on chromosome 6 (Khun et al. 2004) , based on our findings, ef4(t) is different from those genes. In addition, according to Values in parentheses are the expected numbers based on the segregation ratio. Tsai (1991), ef4(t) is also independent of ef2(t) and ef3(t).
On the other hand, located on chromosome 3 are other heading time genes such as E3 (Okumoto et al. 1997) and Hd6 (Yamamoto et al. 2000) . However, both of which controlled the photoperiod-sensitive phase while ef4(t) controlled the basic vegetative phase (Tsai 1991) . In addition, E3 was linked to bc1 with a recombination value of 37.5% but is independent of dl. On the other hand, Hd6 is near RFLP marker R3226 which is located at 146.1 cM. We found that ef4(t) is independent of bc1 but is linked to Hg as well as dl. It is located at around 62.2 to 66.8 cM (Fig. 2) . Thus, ef4(t) was possibly independent of the two genes. Consequently, the nomenclature of present gene was suggested as ef4. Although Sumi et al. (1998) claimed that Efx was linked to Hg by the recombination value of 14.8%, in the present study, we found that ef4, the allele of Efx, was linked to Hg by the recombination value of 33.2%. Furthermore, we found that ef4 was linked to dl by 16.8% recombination, but independent of bc1. Based on linkage map of chromosome 3 quoted from the Rice Genetic Newsletter, Vol. 15, the order of ef4 could be arranged as Hg-dl-ef4-bc1 (Fig. 2) .
The availability of the DNA markers and their genetic linkage map of rice provide a more direct and faster technique to determine the chromosomal location of genes of interest. In the future, linkage analysis by using DNA markers should be performed as to compare with the present results.
